The solubility of water-extractable Cd and Zn was significantly dependent upon the changes of soil pH that were impacted by the treatments of Zn and Cd, respectively. Also, the availability of Cd was higher than Zn availability in the acidic and neutral soils, but Zn was higher than Cd in the calcareous alkaline soil.
INTRODUCTION
Many researchers have studied cadmium (Cd)-zinc (Zn) interactions in soil-plant systems because of the chemical similarity between Cd and Zn [1] [2] [3] [4] [5] [6] [7] . Although bivalent transition metal cations, such as Cd and Zn, exhibit a similar pH-dependent adsorption behavior, the adsorption extent at given pH is varied between the metals. Several workers investigated adsorption sequences by different adsorbents for metal cations including Cd and Zn. The adsorption sequences reported were Cu > Pb > Zn > Cd by hydrous aluminum oxide 8) , Pb > Cu > Zn > Cd 8) and Zn > Cd > Ca 9) by hydrous ferric oxide, Cu > Pb > Zn > Co > Cd 10) , Zn > Ni > Cd 11) and Ni > Zn > Cd 12) by goethite, and Pb > Cu > Cd > Zn by organic matter 13) . These may lead to the conclusion that Cd is relatively more bioavailable than Zn in soils with some exceptions. However, the validity of the selectivity series for the majority of soils may be due to the types and amounts of clays, oxides, organic matter found in soils. Each soil constituent has its own adsorption properties for the metal cations.
Also, most researchers have focused on uptake or absorption of Cd and Zn in plants rather than availability of those metals in soils. Turner 1) studied the effect of cadmium application on Cd and Zn uptake by plants. He reported that Cd treatment increased the concentration and total uptake of Zn in plant tops. Other researchers found that Zn application reduced the concentration of Cd in plants 4, 5, 14) . Sinkora and Wolt 15) reported an increase in Zn levels of sludge increased the solubility of Cd in sludge and soil even though the Zn addition decreased concentration of Cd in plant root. However, Haghiri 16) reported that the addition of Zn (5-50 mg kg -1 range)
significantly increased the Cd concentration of plant shoots, and also Nan et al. 6) showed that the effects of Cd-Zn interaction can be synergistic to increasing the accumulations of Cd and Zn in wheat and corn plants with increasing Zn and Cd contents in soils. Kuo et al. 17) reported that soil organic matter had little relation to Cd and Zn availability. However, Abdel-Sabour 4) reported Zn uptake by plants was best related to the soil organic fraction. White and Chaney 2) also showed that the higher organic matter soil was more effective than others in reducing Zn uptake. They reported that soil type also can strongly influence Cd and Zn uptake, and the Zn levels differed with soil pH. The availability of Cd and Zn in soils can be also affected by phosphorus fertilizer application 18, 19) . Therefore, we are concerned about the availability of soil Cd and Zn as affected by the presence of Zn and Cd, respectively, because there is a lack of information about the relationships between Cd and Zn in different soils.
The objective of this study was to investigate the interactions of Cd and Zn as affected by additional treatments of Zn and Cd in soils using the desorption isotherms.
MATERIALS AND METHODS

Soils
The surface 15 cm of four different soils were collected and studied: Egan (fine-silty, mixed, mesic Udic Haplustolls), Egeland (coarse-loamy, mixed, frigid Calcic Hapludolls), Glenham (fine-loamy, mixed, mesic Typic Argiustolls), and Maddock (sandy, mixed, frigid Entic Hapludolls).
The soil samples were air dried, crushed to pass through a 2-mm sieve, and analyzed for selected physical and chemical properties ( Table 1) .
Preparation of Soil Samples
Two sets of 20 g soil samples were prepared. One set of soils was treated with the application of 0-, 20-, 40-, and 80 mg Cd kg -1 using CdSO4 solution, and the other set of soils was applied with 0-, 20-, 40-, and 80 mg Zn kg -1 using ZnSO4 solution in 125 mL applied as CdSO4 solution. The metal enriched samples were thoroughly mixed, incubated at field capacity and 24 for 2 weeks. After incubation, the samples ℃ were allowed to air-dry and finely ground.
Determination of Cd and Zn desorption
The determination procedures of metal desorption quantity-intensity relationships were partly introduced in one of our earlier studies 19) . Ten grams of soils from the two replicates were weighed in 125 mL polystyrene vials and analyzed for diethylenetriaminepentaacetic acid (DTPA)-extractable Cd or Zn on an atomic absorption spectrophotometer 20) . Also, 5 g of soils from the replicates were weighed in 125 ml polystyrene vials and brought to 25 mL with high-quality deionized water. The vial equilibrated for 48 h on an orbital shaker set at a speed of 160 rpm. After equilibration, the soil suspension was centrifuged (45,000 x g) for 10 min and filtered (1.0-and 0.22 m pore size) to obtain soil solution. The μ Cd or Zn analysis of the soil solution was determined by use of the graphite furnace method for an atomic absorption spectrophotometer with a deuterium lamp as the background correction source. The metal buffering capacity of the soils was defined in terms of the total amount of diffusible metal ion per unit volume of soil solution metal ion. Thus, Cd or Zn buffering capacity can be measured from the relationships between the changes in quantity of Cd or Zn desorbed (Q) and the change in intensity (I) of soil solution Cd or Zn concentration, which would be:
where BC is the Cd or Zn buffering capacity,  v is the measured volumetric moisture content (m 3 m -3
), r is the bulk density (kg L -1 ), and Kd is the distribution coefficient (L kg -1 ). The Kd is calculated from the following linear desorption (or adsorption) isotherm:
where Q is the DTPA-extractable Cd or Zn (mg kg -1 ), I is the equilibrium total Cd or Zn concentration in soil solution (mg L -1 ), and b is a constant [21] [22] [23] .
Measurement of pH for Cd and Zn Enriched Soil-Water Systems
The pH value of extracts was measured after obtaining extract solutions from Cd-Zn or Zn-Cd enriched soil-water (1:5) systems equilibrated for 48 h on an orbital shaker set at a speed of 160 rpm.
RESULTS AND DISCUSSION
Effects of Zn treatments on Cd availability
Cadmium desorption quantity (Q)-intensity (I) linear relationships and the Cd buffering capacity (BCCd) as affected by Zn treatments in soils are shown in Figure 1 and Table 2 , respectively. The coefficient of determination (R 2 ) for Cd desorption Q/I linear regression in the given soils ranged from 0.947 to 0.999, which indicated that the quantity and intensity The BCCd values decreased with increasing the concentrations of Zn applied in the soils. When the soils were treated with various Zn concentrations, the quantity of Cd, DTPA-extractable Cd (QCd), was almost not changed in all of Zn application ranges, whereas the intensity of Cd, water- Figure 2 . The values of soil pH decreased with increasing the concentrations of Cd source enriched in all systems. In particular, the pH values in the acidic Egeland sandy loam soil system were much impacted by the enrichments of Cd contamination source as comparing with the pH changes in other soil systems. Also, the pre-applications of Zn impacted decrease of pH in the soil-solution systems. Thus, the decreases of soil system pH allowed to increase desorption of Cd ions from soil surfaces, organic matter, and/or Fe oxides to soil solution, and then the concentrations of soil solution Cd increased.
Effects of Cd treatments on Zn availability
Zinc desorption Q/I linear relationships and the Zn buffering capacity (BCZn) affected by four selected Cd treatments for soils are shown in Figure 3 and These results might be caused by pH changes with the enrichments of Zn source with Cd treatments (Figure 4) . The values of pH decreased with increasing the concentrations of Zn enriched in all soil-solution systems studied. Also, the pH values usually decreased with increasing Cd treatments in most of soil systems. However, in the calcareous Glenham soil, the pH values increased with increasing Cd applications. Therefore, the Cd treatments impacted the changes of soil pH, and the soil pH changes affected the solubility or desorption of Zn ions from the soils. Also, difference between the solubility of DTPA-extractable Zn and water-extractable Zn may have induced the changes of BCZn values in the soil-solution systems.
When comparing between the values of BCCd and BCZn affected by Zn and Cd treatments, respectively, in the soils, the BCCd values were lower than the BCZn values for the calcareous Glenham soil, but for other soils the BCCd values were higher than the BCZn values. These results indicated that the relative ratios of Q/I changes for Cd with Zn applications were lower than those of Q/I changes for Zn with Cd treatments in Glenham soils, but they were higher than those of Q/I changes for Zn with Cd applications in other soils. Thus, in the calcareous Glenham soil, Zn is relatively more available than Cd, whereas the opposite results were obtained in other soils. Several workers have studied adsorption sequence by soils using different adsorbents for equal initial solution levels of Cd and Zn. They have reported that the adsorption sequence as comparing between Cd and Zn was mostly Zn > Cd 8, 12, 13) . In the other hand, Tiller et al. 11) found that when Cd and Zn were associated with organic surface, Cd was somewhat preferred over Zn, with the opposite relationships at high pH values. Therefore, the availability of Cd and Zn as affected by the interactions between those metals was clearly dependent on soil properties, especially soil pH and texture. Also, according to the results of BC of Cd and Zn, the availability of Cd was higher than Zn availability in the acidic and neutral soils but it was lower than that of Zn in the calcareous alkaline soil.
CONCLUSION
This study focused on the solubility of Cd and Zn in four selected soils affected by interactions of those metals. For determining the solubility/availability of target metals in soils, the desorption quantity-intensity (Q/I) linear relationships and the buffering capacity (BC) of target metals were measured using DTPA-extractable and water-extractable metals as quantity and intensity factors, respectively. The quantity and intensity factors were closely correlated as showing with the Cd and Zn desorption Q/I linear curves. The buffering capacity of Cd (BCCd) in the given soils decreased with increasing Zn treatments. The decreases of BCCd values were controlled by Cd intensity factor (ICd), the solubility of water-extractable Cd, rather than Cd quantity factor (QCd), the solubility of DTPA-extractable Cd. Also, the availability of Cd was clearly dependent upon soil pH because the pH values decreased with increasing the enrichment of Cd source and the treatment of Zn in all soils studied. The availability of Zn in the soils was much complicated than that of Cd as impacted by the interactions between Cd and Zn. The values of Zn buffering capacity (BCzn) decreased with increasing Cd treatments in acidic Egan and Egeland soils, and increased in calcareous Glenham and neutral Maddock soils. The values of BCCd and BCzn as influenced by the interactions between Cd and Zn were mostly controlled by the solubility of water-extractable metals, intensity factor, and significantly dependent on soil pH and texture. According to the results of BC of Cd and Zn, the availability of those metals was Cd > Zn in the acidic and neutral soils but Zn > Cd in the calcareous alkaline soil.
